A B S T R A C T During the Saharan Mineral Dust Experiment (SAMUM) conducted in summer 2006 in southeast Morocco, the complex refractive index of desert dust was determined from airborne measurements of particle size distributions and aerosol absorption coefficients at three different wavelengths in the blue (467 nm), green (530 nm) and red (660 nm) spectral regions. The vertical structure of the dust layers was analysed by an airborne high spectral resolution lidar (HSRL). The origin of the investigated dust layers was estimated from trajectory analyses, combined with Meteosat 2nd Generation (MSG) scenes and wind field data analyses. The real part n of the dust refractive index was found almost constant with values between 1.55 and 1.56, independent of the wavelength. The values of the imaginary part k varied between the blue and red spectral regions by a factor of three to ten depending on the dust source region. Absolute values of k ranged from 3.1 × 10 −3 to 5.2 × 10 −3 at 450 nm and from 0.3 × 10 −3 to 2.5 × 10 −3 at 700 nm. Groupings of k values could be attributed to different source regions.
Introduction
Radiative forcing by soil dust particles is complex, since dust particles not only scatter but also partly absorb incoming solar radiation, and the particles absorb and emit outgoing long-wave radiation. The magnitude and even the sign of the dust radiative forcing depend on the optical properties of the dust, on its vertical distribution, on the presence of clouds and on the albedo of the underlying surface (Sokolik and Toon, 1996; Liao and Seinfeld, 1998; Myhre and Stordal, 2001 ). An indispensable prerequisite for estimating the radiative effects and interactions of dust and climate is the quantification of atmospheric dust loads and the determination of size-dependent optical properties of the dust particles.
Data of dust optical properties are either taken from laboratory measurements (Patterson et al., 1977; Shettle and Fenn, 1979; d'Almeida et al., 1991; Sokolik et al., 1998; Sokolik and Toon, 1999; Lafon et al., 2006; Linke et al., 2006) or are determined from optical or satellite retrievals (e.g. Dubovik et al., 2002; Cattrall et al., 2003; Todd et al., 2007) . Although it is one of the key parameters controlling dust optical properties, the imaginary part of the complex refractive index is uncertain and varies from <1 × 10 −3 to 0.01 for a wavelength of 550 nm.
Recent studies (Dubovik et al., 2002; Balkanski et al., 2007; Todd et al., 2007) have demonstrated that the values commonly used for the imaginary part of the refractive index (Patterson et al., 1977; Shettle and Fenn, 1979; d'Almeida et al., 1991) are overestimating aerosol light absorption. The variability of the imaginary part of the complex refractive index depends crucially on the iron content and on its mineralogical phase (Alfaro et al., 2004; Lafon et al., 2006; Linke et al., 2006) . Dust optical properties used in large-scale models are assumed to be constant in space and time, ignoring that dust from different source regions may have different optical properties, that the optical properties may vary with particle size and that the optical properties may be modified during the atmospheric transport. Among the few in situ data on dust optical properties from airborne measurements, the Saharan Dust Experiment (SHADE; Tanré et al., 2003) research flights encountered one Saharan dust outbreak event in the Cape Verde region in 2000. The single-scattering albedo measured during SHADE is 0.96-0.97 at 550 nm , which agrees with recent values of 0.95-0.98 from laboratory studies . The SHADE team clearly states that they investigated only unpolluted dust aerosol, which has a net cooling effect over sea (Tanré et al., 2003) . Earlier measurements provided a value of 0.87 (Haywood et al., 2001) , which is likely to be so low due to mixing with absorbing biomass-burning aerosol. Pointing in the same direction, dust coated with carbonaceous aerosol observed during ACE-Asia also leads to increased absorption of solar radiation (Bergstrom et al., 2004) .
During the Saharan Mineral Dust Experiment (SAMUM; Heintzenberg, 2008) , the research aircraft Falcon 20-E of the German Aerospace Centre (DLR) was operated, carrying a comprehensive set of aerosol instrumentation and a high spectral resolution lidar (HSRL). The in-depth analysis of the variability and characteristics of dust size distributions is presented by Weinzierl et al. (2008) . The novel airborne HSRL and first results obtained during SAMUM are described in . Our study focuses on the determination of the complex refractive index of dust particles originating from different source regions. For this purpose, we analysed aerosol absorption data measured by a three-wavelength Particle Soot Absorption Photometer (PSAP; Virkkula et al., 2005) and particle size distribution data using a highly sophisticated data analysis algorithm developed by Fiebig et al. (2005) . The different dust episodes encountered during SAMUM permit the investigation of the influence of source regions across the northwestern Sahara as well as the mobilization processes on dust optical properties and their variability. Comparisons with optical properties derived from chemical analyses of collected dust samples are used for the evaluation of our method.
Methods
During the SAMUM core phase, three large-scale dust episodes extended from southern Morocco to Portugal. The dust episodes are referred to as Episode 1, on 19-22 May 2006, Episode 2, on 27-30 May, and Episode 3, on 3-4 June. Maximum aerosol optical thicknesses (AOT) at 500 nm measured by AERONET sun photometers at Ouarzazate were 0.6 (20 May), 0.6 (27-28 May) and 0.7 (3 June). During Episodes 1 and 2, the dust layer was composed of relatively homogeneous air masses, whereas during Episode 3 the layer clearly showed a stratified structure with different characteristics.
Detailed meteorological analyses (Knippertz et al., 2008) and lidar data analyses characterise the episodes as dominated by locally generated dry-convective dust plumes associated with high surface and air temperatures (Episode 1), by variable dust conditions, partially associated to strong thunderstorms and high wind speeds (Episode 2), and by strong easterly flow of dusty air associated with a cold surge into northeastern Algeria and Tunisia (Episode 3).
The average geometric thickness of the observed dust layers was 4.0 ± 0.9 km . At the Ouarzazate site, the dust events on 18-22 and 27-28 May on one hand and starting at 3 June on the other hand, were well separated by a clean air episode (AOT < 0.1 on 29-30 May; Tesche et al., 2008) . At the Tinfou site near Zagora, however, AOT did not vary that strong between different episodes, which may be due to the close vicinity to the desert (Knippertz et al., 2008) . During these episodes, local research flights in the Ouarzazate-Zagora area were conducted on 19/20/22 May, 28 May and 3/4 June. An overview of the entire data set and all performed flights is given by Weinzierl et al. (2008) . Knippertz et al. (2008) present a detailed analysis of the meteorological conditions during SAMUM and potential dust source regions.
Instrumentation and sampling strategy
The Falcon in situ instrumentation used here consisted of different aerosol sizing instruments, which covered the particle size range from 4 nm to 100 μm in diameter (D p ). Instruments sensitive to the sub-μm fraction were operated inside the aircraft cabin whereas optical sizing instruments covering the size range up to 100 μm in diameter were operated at wing stations. Aerosol absorption was measured at wavelengths 467, 530 and 660 nm, by means of a three-wavelength PSAP Bond et al., 1999; Virkkula et al., 2005) . The PSAP was operated at a flow rate of 2.0 L min −1 , with filters being changed after every flight.
Lowest observed filter transmittances were 0.70. The volume fraction of the aerosol volatile component was measured with a new instrument configuration consisting of several Condensation Particle Counters (CPC), which were partially equipped with diffusion screen separators (Feldpausch et al., 2006) and another optical particle counter. Connecting this instrument combination to a thermal denuder, the size-resolved analysis of the non-volatile aerosol fraction was possible. The vertical distribution of the dust particles and the aerosol extinction coefficient were measured by means of a nadir-looking HSRL . For this study, we used data from a passive cavity aerosol spectrometer probe (PCASP-100X; 0.1 < D p < 3.0 μm) and a forward scattering spectrometer probe (FSSP 300; 0.3 < D p < 20 μm) mounted under the wing of the aircraft, as well as data from a GRIMM 1.109 optical particle counter (D p > 0.25 μm). The transfer function of the aerosol inlet was determined during the SAMUM flights. The GRIMM Optical particle counter (OPC) and the CPCs sampled from the same sampling line as the 3λ-PSAP, so that the size distribution of the particles collected by the PSAP filter was known. Since the aerosol absorption measurement via a PSAP was based on filter sampling downstream the aerosol inlet of the Falcon, the maximum particle size collected on the filter was limited to ∼3 μm in diameter (Petzold et al., 2002) . Therefore, the PSAP analysis provides refractive index information only for the so-called fine mode fraction of the aerosol with D p ≤ 2.5 μm.
The combination of a nadir-looking airborne HSRL with in situ instrumentation permitted the precise guiding of the aircraft into distinct dust layers. The on-board recording of the lidar return signal identified the top of the dust layers, its thickness and the internal structure, that is, whether the layer was well mixed or consisted of stacked sublayers. The elevations of the selected layers were then given to the pilots who flew the aircraft into the dust layers for in situ sampling. Each layer was sampled at constant altitude for at least 5 min flight time (∼40 km distance) to ensure sufficient particle statistics.
PSAP data analysis
The PSAP data were used to infer dust absorption coefficients σ ap . From previous experience (Petzold et al., 2002) only constant-altitude flight sequences were analysed. This reduction of data analysis avoids measurement artefacts due to pressure changes in the sampling line during ascent and descent of the aircraft between different flight levels. The data analysis used a 10-s moving average. This averaging time was found to smooth the data sufficiently while keeping the time-resolution at a required level. The detection limit of the method in terms of an absorption coefficient was set to 0.1 × 10 −6 m −1 at standard conditions (273.14 K, 1013.25 hPa), based on experience from earlier studies (Petzold et al., 2002) . Two problems were encountered: (1) information about the refractive index is required in advance to interpret the optical particle counter data and (2) we have to apply scattering and filter loading corrections to deduce the absorption from the PSAP transmission signal. Spot-size and flow-correction followed Bond et al. (1999) , whereas for the scattering correction, the revised correction factors proposed by Virkkula et al. (2005) were used. Since no direct measurement of the aerosol light scattering coefficient was available, the scattering coefficient was calculated from the particle size distributions by means of Mie theory. Uncertainties caused by the use of Mie theory are assumed to be small since the PSAP analyses dust collected on a filter matrix that represents an average over randomly oriented non-spherical particles, see also Section 3.1.2.
The required refractive index was determined from the spectral dependence of the absorption coefficient data. Figure 1 shows the iterative data analysis scheme. Number size distribution data from CPC and optical particle counters served as input data. The complex refractive index m = n + ik of the composite particle was obtained from an effective medium mixing rule Ouimette and Flagan, 1982) . Volatility analyses , hygroscopic growth analyses and chemical analyses of aerosol samples yielded consistently that particles smaller than 0.35-0.5 μm contained a considerable volatile and hygroscopic fraction, whereras particles larger than 0.5 μm were almost entirely non-volatile and showed no significant humidityrelated particle growth. According to the volatility analyses, an externally mixed volatile component was not considered in the Mie model.
For the calculation of the aerosol optical properties, the aerosol was assumed to consist of exclusively light scattering components ((NH 4 ) 2 SO 4 , SiO 2 ), of one light absorbing component with a weak spectral dependence of the absorption coefficient (BC, kaolinite) and of one light absorbing component with a strong spectral dependence of the absorption coefficient (haematite). The selected key components dominating dust optical properties follow the proposal of Sokolik and Toon (Sokolik and Toon, 1999) . As is explained in detail in Section 3.3.2, it turned out that attributing dust absorption to haematite only cannot reproduce the observed spectral dependence of the aerosol absorption coefficient. The consideration of a spectrally flat absorber (BC, kaolinite) was necessary to model the observed instrument response.
We have to state very clearly that our method does not perform a chemical analysis of the dust particles. Rather, we had to select the proxy key compounds according to the availability of reliable spectrally resolved information on the complex refractive indices. An analysis of the existing data yielded the selected key representative compounds as best-possible choice.
There are two other possible ways forward to determine the complex refractive index: (1) to start with independent values for the real and the imaginary part without any link to chemical compounds and (2) to calculate the refractive index, based on the results from the chemical analysis. We decided against these two options since (1) real and imaginary parts are not independent in reality, so, we might end up with an unphysical combination of real and imaginary part and (2) particularly the volume fractions of light-absorbing compounds like haematite are very low and connected to large uncertainties; furthermore, not for all chemical compounds there are optical constants available. Therefore, Tellus 61B (2009), 1 we decided to use the concept of key proxies, which is also used in global modelling (Sokolik and Toon, 1999) .
Based on our volatility analyses, we assumed two zones with different main mineralogical components. The transition between the two zones varied from 0.35 to 0.5 μm. Anthropogenically influenced aerosol, with particles <0.5 μm (zone 1), was modelled by an internal mixture of quartz (SiO 2 ) and black carbon (BC), covered with a layer of ammonium sulphate ((NH 4 ) 2 SO 4 ). Dust aerosol with particles >0.5 μm (zone 2) was modelled by an internal mixture of quartz, kaolinite and haematite.
The refractive index for each zone was calculated from the volume average value
with (n j + ik j ) being the complex refractive index and ν j the volume fraction of the j-th component of the particle. The volume fractions were determined by the iterative procedure described in the following. The wavelength dependence of the individual refractive indices was taken from Shettle and Fenn (1979) , Arakawa et al. (1997) and Sokolik and Toon (1999) . Although these sources are currently under discussion, we have to rely on them since no other data are available. We used the refractive index to calculate the size distribution from the PCASP and CPC data. The starting value of (n j + ik j ) was obtained from an assumed chemical composition of the aerosol, based on the above-mentioned key compounds. We then obtained average aerosol optical properties, particularly the absorption and the scattering coefficients σ ap and σ sp , respectively, by using the initial refractive index and the size distribution as input for a Mie code (Bohren and Huffman, 1983) , including a coated sphere scheme . The absorption and scattering coefficients were used to calculate the inverted PSAP signal according to the common PSAP correction scheme
with factors K 1 and K 2 being wavelength-dependent (Bond et al., 1999; Virkkula et al., 2005) . If the inverted PSAP signals at 467, 530 and 660 nm agreed within 3% with the observed PSAP signal, we considered the match sufficient for the determination of refractive index, size distribution and the optical properties. Otherwise the iterative procedure was repeated. Changing the refractive index in the next iteration step also shifted the threshold sizes of the channels of the PCASP, which is taken into account very carefully. Virkkula et al. (2006) applied a comparable approach during their study on Antarctic boundary layer aerosol, which is based on scattering coefficient data and chemical analyses of impactor samples. The key parameter used in this study for the investigation of the wavelength-dependence of aerosol light absorption by dust is the absorption Ångström exponentå ap , which is defined as
where m describes the complex refractive index, n(D p ) represents the particle size distribution. The definition is similar to the 'classical' extinction Ångström exponent (Angström, 1964) , which is widely used in atmospheric optics. We recall that the PSAP method provides refractive index data only for the fine mode fraction size range, with D p ≤ 2.5 μm.
The key parameter describing the aerosol size distribution is the effective diameter defined as (McFarquhar and Heymsfield, 1998) 
Because of the transfer function of the aerosol inlet, the integration is restricted to D p < 2.5 μm and the effective diameter is labelled as D eff,fine mode .
Chemical analysis of dust samples
Dust particles were collected by a miniature impactor system consisting of three two-stage cascade impactors with cut-off particle diameters of approximately 1 and 0.2 μm. The impactor was connected to the same inlet as the PSAP. Hence the maximum upper size of collected particles is 2.5-3.0 μm, see also Section 2.1. The particles were collected on pure-carbon adhesive tape attached to pure nickel foil for post-flight analyses.
For each sample, several hundred particles were analysed in a scanning electron microscope with an attached energydispersive X-ray analysis system. This measurement setup yields particle size, morphological features and the element chemical composition for each single particle. In total 11 500 single particles collected onboard the aircraft were investigated. From the chemical data a complex index of refraction was calculated using a model mineralogy consisting of six substances (quartz, a silicate mixture, haematite, calcite, rutile and sulphate). For details on the measurement procedures, data classification and calculation procedures we refer the readers to Kandler et al. (2008) .
Source region estimate
Source regions of dust were estimated by using a combination of backward trajectories, meteorological analyses from the European Centre for Medium-Range Weather Forecasts (ECMWF), dust storm reports from the World Meteorological Organisation (WMO) and satellite imagery from Meteosat 2nd Generation (MSG). In the first step, 8 d backward trajectories were calculated for a large number of constant flight levels along the Falcon flight track using the Lagrangian Analysis Tool (LA-GRANTO, Wernli and Davies, 1997) . The LAGRANTO computes trajectories based on operational T799/L90 ECMWF analyses, which are interpolated on a 0.5
• × 0.5
• latitude-longitude grid. These trajectories provide horizontal and vertical positions along the pathway of the air parcel through the atmosphere. To specify a dust source region, we applied a minimum threshold pressure of 880 hPa for trajectories to be in contact with the surface. This corresponds to an altitude of about 1000 m a.s.l. Furthermore, we computed the surface wind field in the potential source regions of dust at 10-m height above ground. Wind velocities exceeding a threshold value of 6.5 m s −1 at 10-m height above ground enable dust mobilization in the case of appropriate soil conditions . Dust mobilization is considered to be possible if the LAGRANTO trajectories are close to the ground, that is, p > 880 hPa, and the analysed surface wind speed at 10 m exceeds 6.5 m s −1 . Finally, we exploited MSG satellite imagery products and WMO dust storm reports that indicate the occurrence of dust clouds and compared them with trajectories and ECMWF wind fields at the date of mobilization. Summarizing, this composite of methods identifies a region as a potential source for measured dust plumes only if at the same time plume trajectories were close to the surface with p > 880 hPa, horizontal winds exceeded a threshold value of 5-7 m s −1 , MSG images showed dust clouds and WMO dust storm reports indicated an event in this region. This method, however, neglects influences of the varying terrain elevation and of deep boundary layer mixing that transports dust into layers well above 880 hPa (Knippertz et al., 2008) . Although the presented method is purely qualitative, we may gain insight into potential dust source regions and atmospheric transport times for dust plumes probed by the Falcon along its flight track. The source regions determined from our analysis also provide useful information for the key issue of the study on a potential influence of source areas on dust optical properties.
Results

Evaluation of the refractive index inversion scheme
3.1.1. Particle properties influencingå ap . According to eq. (3), for a fixed wavelength interval, the aerosol absorption coefficient σ ap , and thus, the absorption Ångström exponentå ap depends on the size distribution and on the refractive index. When we observe differences inå ap , we have to consider both the effects of particle size distribution and refractive index. Thus, we investigated the influence of both parameters on the obtained a ap values by considering the following cases: (1) the refractive index m is constant and the number size distribution is variable and (2) both parameters are variable. These tests were performed using the averaged SAMUM finemode size distributions of all 37 analysed pure dust samples. Allowing the full variation of the refractive index, as obtained from the data inversion scheme, yields the data set shown in Fig. 2 by the open symbols. Although D eff,fine mode varies only by ±20% of the median value of 1.0 μm,å ap deduced from the PSAP data inversion varies from 2.0 to 7.0. Aerosol samples with D eff,fine mode < 1.0 μm do not vary significantly inå ap , but for particle ensembles with D eff,fine mode > 1.0 μm, a separation into two subsets in terms ofå ap is observed. To test whether this effect is dominated by the size distribution or by the refractive index, we reanalysedå ap for all samples with keeping the refractive index at a constant value of m (450 nm) = 1.56 + i 0.0042 and of m (700 nm) = 1.55 + i 0.0017, representing dust with a medium spectral dependence of σ ap . The results are straightforward, providing a constant value of a ap = 2.73 ± 0.03, independent of the applied size distribution (filled symbols in Fig. 2) .
The sensitivity study showed that for the analysed SAMUM dust cases, the imaginary part of the refractive index is almost exclusively responsible for the variability of the absorption Ångström exponent. The influence of the size distribution on the variation ofå ap is nearly negligible for the studied dust samples. However, it has to be noted that this conclusion may be entirely invalid for aerosol with a larger variability in D eff fine mode, in particular for aerosol samples containing large fractions of sub-μm-sized anthropogenic aerosol components.
Uncertainty of the refractive index inversion scheme.
The results from the previous section can be used to estimate the uncertainty of the absorption Ångström exponentå ap and the refractive index m deduced from the data inversion scheme. As the refractive index is mainly responsible for the variability ofå ap of pure dust aerosol, we determined the range of uncertainty of a ap from the variation of the refractive index within one standard deviation of PSAP data averaged over the analysed dust-plume encounter sequence.
Potential error sources of our method are the refractive index value assumption and, to less extent, the measured size distribution. The uncertainties arising from the determination of the refractive index from a set of proxy key components are evaluated in the following. The uncertainties arising from the size distribution are considered as negligible, based on the sensitivity tests reported in the previous section. Additional uncertainty may arise from the fact that the absorption and the scattering coefficients, which are required for the PSAP data inversion according to eq. (2), may differ from the values calculated by Mie theory for spherical particle shape. The latter uncertainty cannot be quantified for non-spherical particles of irregular shape. Recalling that the PSAP instrument measures particles collected on a filter substrate, the assumption that on average randomly oriented irregularly shaped particles can be approximated by a set of spherically shaped particles is justified.
Summarizing, we attribute the uncertainties in the refractive index determination to the appropriate volume mixture of the proxy key compound in the PSAP data inversion schemes. For one exemplary case, Fig. 3 shows the PSAP-signal smoothed Fig. 3 . Uncertainty of the method as determined from the variation of the refractive index within the uncertainty range of the averaged constant-level PSAP data (grey-shaded area).
by a 10-s moving average (filled symbols, thick solid line), its standard deviation (hatched area), one successful PSAP data inversion (open symbols, thick dashed line) and the scanning of the uncertainty range. Extreme results from the scheme matching the boundaries of the PSAP uncertainty area are considered as the upper and lower limits of possible refractive index values, which still reproduce the observations. This approach was applied to selected dust plume encounters that were probed during constant-altitude flight levels. These flight sequences are referred to by the date of the flight and by the running number of the constant-altitude flight sequence. For our tests, we chose levels 060603b/L5 and 060604a/L8 with highå ap values and levels 060520a/L3 and 060603a/L4 with loẘ a ap values. The results are given in Table 1 for the imaginary part of the refractive index. Real parts of the refractive index vary between 1.55 and 1.56. In case of k, relative variations are 10%-16% for values at 450 nm and 25% for values at 700 nm, which, however, are close to the detection limit of the method. Thus, a conservative estimate for the uncertainty of the method is ± å ap /å ap = 20% and ± k/k = 25%. Based on a 95% confidence criterion, the PSAP method permits the statistically significant separation ofå ap values of 2.0 ± 0.8, 4.0 ± 1.6 and 7.0 ± 2.8. These relative uncertainties ofå ap were extrapolated to all otherå ap values.
Stratified dust layer from 3 June 2006
We demonstrate the sensitivity of the PSAP inversion method on the basis of the broad spectrum of absorption Ångström exponents encountered over Ouarzazate and Zagora on the flight 060603b. This flight was conducted in the morning of 3 June between 7:23 and 9:04 UTC, before the onset of convection. Therefore, the stratified structure of the atmosphere was not yet disturbed. Figure 4a shows the observed two-layer structure with dust from two different source regions deduced from the HSRL backscatter ratio, which is proportional to the concentration of light-scattering particles. Corresponding sequences of flight 060603 are added to Fig. 4a . The elevated dust layer at altitudes >2800 m a.s.l., which can be associated to dust residues from previous days (Knippertz et al., 2008) , are labelled Episode 3a over Ouarzazate and Zagora, and Episode 3b north of the Atlas mountains, whereas the dust moved in near ground is labelled Episode 3c. The obtained optical values forå ap , as well as the effective diameter D eff,fine mode of five constant level flight sequences for the flight on 3 June (L3, L4, L5, L6, L8) inside the two dust layers are summarized in Table 2 . The absorption Ångström exponent measured in the constant flight levels, performed in the upper dust layer between 2500 and 4000 m, ranges from 3.6 (level L3) to 3.8 (level L6), whereas the absorption Ångström exponents in the dust layer below 2500 m are 6.0 (level L8), 6.5 (level L5) and 6.6 (level L4). The difference in a ap is statistically significant on a 95% confidence level since their relative deviation is >40%. As is also shown in Table 2 , the dust being present in the layer on the following day (4 June) shows no longer a stratified structure but corresponds across the entire layer to the low-layer dust from 3 June with its highå ap value. Trajectory analyses demonstrate that the dust layers observed on 3 June originate from two different source regions. Figure 4b shows the 75-h backtrajectories, which indicate that the upper dust layer originates from the Atlas forelands between Morocco and Algeria. This dust has been lifted by density currents emanating from thunderstorms over the mountains on 31 May and 2 June (Knippertz et al., 2007) . The near-surface air originates from the lowlands and salt lakes in northeastern Algeria and Tunisia, where dust is mobilized in connection with a cold surge from the Mediterranean on 1 June, see Knippertz et al. (2008; Figs. 5 and 6 which 23 are classified as urban aerosol partially mixed with dust or sea salt, collected at Casablanca airport or in the boundary layer above Casablanca, 37 are classified as pure dust samples taken south of the Atlas Mountains over the ground sites of Ouarzazate and Zagora and 12 are classified as partially polluted dust collected north of the Atlas Mountains, where already some entrainment of anthropogenic pollution might have occurred. The histogram of the full data set is shown in Fig. 5 . The anthropogenically polluted layers cluster atå ap = 1.0, as is expected from laboratory data for BC dominated aerosol (Schnaiter et al., 2006) . The dust samples without anthropogenic pollution show a bi-modal frequency distribution with one group extending fromå ap = 2.0-to 4.0 and a second group clustering around a ap = 6.5. The separation of dust samples from north of the Atlas Mountains does not change this feature significantly. Separating the dust subset according to dust episodes yields the results displayed in the panels of Fig. 6 . Whereas Episodes 1 and 2 are characterized by a small variation ofå ap , Episode 3 has to be divided into the respective samples taken in the different layers, which were stacked above the ground sites during Episode 3, that is, Levels L3 and L6 are part of Episode 3a, b, whereas Levels L4, L5, and L8 of 3 June and all levels of 4 June are part of Episode 3c. The D eff,fine mode values, however, are entirely decoupled from the behaviour of I ap , as is already indicated by the values compiled in Table 2 . Episode 1 varies over a narrow range ofå ap values from 2.0 to 3.25, whereas D eff,fine mode varies from 0.9 to 1.10 μm. Episodes 2 and 3c are confined with respect to parameters D eff,fine mode andå ap . The variation of (D eff,fine mode ,å ap ) for Episodes 3a and 3b reflects the mixing from dust with properties similar to Episodes 1 and 2 and dust with properties as during Episode 3c.
Complex refractive index and chemical composition.
The complex refractive indices associated with the absorption Ångström exponents determined from the PSAP data inversion are summarized in Table 3 for Episodes 1, 2, and 3c. Again, values for Episodes 1 and 2 are indistinguishable in a statistical sense, whereas Episode 3c is characterized by significantly different refractive indices. Table 3 provides that the real part of the refractive index varies neither with wavelength nor with the different dust episodes. Values range from 1.55 to 1.56. The imaginary part, however, differs for Episodes 1 and 2 by an approximate factor of 2.5 from 450 to 700 nm, whereas it differs for Episode 3c by a factor of 10. The dust encountered in Episode 3c is thus very weakly absorbing in the red spectral region, whereas the differences in the blue spectral region compared with the other dust cases are less pronounced and even statistically insignificant for Episodes 2 and 3c.
The average chemical composition for all aerosol samples collected by the Falcon in terms of particle classes (see Kandler et al., 2008 ) is displayed in Fig. 7 , which intends to give an overview of the chemical characteristics of the collected dust particles. Although we used a two-stage impactor for aerosol sampling, dust particles were collected almost exclusively on the second stage of the impactor with a lower cut-off diameter of 1.0 μm. Hence, for the airborne samples, no size-resolved chemical composition is accessible. The silicates class of particles is always dominating, with low variability between the individual samples. Quartz and the calcium-dominated groups show only half of the concentration for airborne samples compared with Tinfou ground station samples . Fig. 7 . Average of the chemical composition for all flights derived by single particle analysis, given as total volume fraction of particle classes.
This may result from a well-mixed aerosol, which partly originates from other sources than the dust measured at the ground station. In contrast, the abundances of the iron-and titanium-rich classes are nearly identical to the values found at Tinfou, which may indicate a more homogeneous distribution of the according minerals over the source regions.
Ground based measurements of total dust chemical composition at Tinfou revealed that there are three size regimes in terms of chemical aerosol composition . Below 500 nm in particle diameter, the aerosol is composed of mineral dust and sulphate with changing fractions depending on the air mass source. Between 500 nm and 2.5 μm, mineral dust is strongly dominating over the sulphate. Particles larger than 2.5 μm are predominantly mineral dust. The main features of the composition of the mineral dust component as a function of particles size are a mode of calcium-rich particles centred at 3 μm and increasing quartz content for particles larger than 50 μm. Otherwise, the dust volume composition emerged as quite constant over particle size. In particular, the aerosol iron content and the haematite content derived thereof, which determines mineral dust light absorption in the mode used here, are nearly constant for all particle sizes.
The comparison of the imaginary part of the refractive index modelled from the single particle chemical measurements with those calculated from the PSAP inversion algorithm is shown in Fig. 8 . For the values derived from the chemical composition, aerosol absorption is attributed exclusively to haematite. For the two shorter wavelengths, a common tendency is present.
Tellus 61B (2009) At wavelengths 450 and 530 nm, linear regression yields a correlation coefficient of greater than 0.7. At 670-nm wavelength, however, nearly no change in the absorption determined by the chemical analysis can be seen, whereas the PSAP measurements clearly exhibit a variation. This is due to the fact, that haematite-the dominating absorbing substance taken into account by the refractive index calculations from the chemical measurements-is only weakly absorbing at this wavelength. Thus, a variation in haematite content does not translate into a strong variation of absorption in the red spectral region.
From these findings, it has to be concluded that another substance with a spectrally flat absorption coefficient is present, which may be minute amounts of BC or kaolinite below the detection limit of the chemical analyses. Assuming an imaginary part of the BC refractive index at 700 nm of 0.63 and attributing aerosol absorption at 700 nm to BC only, BC volume fractions as low as 0.4% (Episode 1) and 0.05% (Episode 3) are calculated from the applied mixing rule (Eq. 1). The general overestimation of absorption at 450-nm wavelength of the chemistry-derived values fits into this scheme, as in this chemistry-based model, all absorption is attributed exclusively to haematite. On the other hand, the optical model based on the PSAP data inversion scheme constructs the refractive index from a linear combination of selected proxies independent of their abundances. The combination of both complementary methods supports the conclusion that in the SAMUM cases, dust absorption is not only caused by haematite but also by another compound with a less pronounced spectral dependence of the complex refractive index.
Source regions
The dust source region may influenceå ap and k(λ) via the chemical composition and the microphysical properties of the mobi- lized dust. Assuming that the mineralogical composition of the airborne dust particles does not change significantly during the atmospheric transport, the refractive index depends mainly on the soil chemical composition of the source region. A potential effect of the observed coating of the particles on dust properties can be excluded in our cases, since the coating was observed only on the smaller accumulation mode particles, which had only a minor influence on the overall optical properties of the sampled dust. We identified the source regions shown in Fig. 9 by exploiting LAGRANTO backward trajectories, ECMWF wind field analyses, MSG satellite scenes and WMO dust storm reports.
During Episode 1, the dust originated from various nearby sources south of the measurement area. The synoptic analysis (Knippertz et al., 2008) characterizes the episode as dominated by a persistent surface high and locally generated dry-convective dust plumes. During Episode 2, characterized by low absorption Ångström exponents, we identify a dust source region almost identical to Episode 1, that is, sources were situated south and east of the field sites. Two regionally different dust sources existed in Episode 3. On one hand, dust aerosol with low absorption Ångström exponents (Episode 3a) originated from the Atlas forelands between Algeria and Morocco. On the other hand, dust aerosol with high absorption Ångström exponents (Episode 3c) originated from the lowlands and lakes in northeastern Algeria and Tunisia. In all episodes dust may also come from regional sources. These regions have been identified as dust sources by Caquineau et al. (2002) .
Comparison of results to data from SAMUM and from literature
The results obtained from the analysis of the SAMUM field data provide an extensive set of optical data of desert dust aerosol, which have to be compared with data reported from other measurements during SAMUM and with data in the literature.
Referring to the complex refractive index results from SA-MUM partners first, the values deduced from the PSAP data inversion scheme are supported by results from the chemical analysis of simultaneously collected airborne dust samples. The deviations between the complementary methods of chemical analyses and optical analyses indicate the presence of a particulate absorber, which is below the detection limit of the analysis methods. The complex refractive index determined from the chemical composition for ground-based samples at Tinfou ) is characterized by a real part varying from 1.55 to 1.56 at 530 nm, which is in close agreement with our observations of 1.55-1.56. The imaginary part of the refractive index for the samples collected near ground over Zagora/Tinfou is k = 1.8 × 10 −3 -3.1 × 10 −3 , which again is close to the results from our method scattering around 3 × 10 −3 -4 × 10 −3 for airborne samples collected above Zagora/ Tinfou. The imaginary part of refractive indices derived from groundbased simultaneous measurements of optical properties σ sp and i ap and of particle size distributions at the Tinfou site ranges for a wavelength of 530 nm from 4.2 × 10 −3 on 22 May to 5.9 × 10 −3
on 28 May and to 3.3 × 10 −3 on 4 June .
Another optical method, based on spectral aerosol absorption measurements (Dubovik et al., 2002) , sun photometry (Todd et al., 2007) , a review of laboratory studies (Shettle and Fenn, 1979) and the OPAC data set (d 'Almeida et al., 1991) .
Sun photometer and lidar data from the ground site Ouarzazate were used as well for calculating dust refractive indices (D. Müller, private communication) . For the Falcon overflight on 19 May, they found a real part of the refractive index of 1.45, independent of the wavelength, which is significantly lower than the value of 1.55 from the airborne samples. The imaginary component of the refractive index at 530 nm is 4 × 10 −3 -5 × 10 −3 , which is similar to the value of the airborne sample of 4.2 × 10 −3 -4.4 × 10 −3 . The reason behind the significant difference in the real part of the refractive index is currently under investigation. The entire set of k values deduced from PSAP data compared with literature data is shown in Fig. 10 . Our refractive index data fall in between sun photometry data and data used in databases. The values taken from Shettle and Fenn (1979) and from d 'Almeida et al. (1991) tend to overestimate the light absorption by dust significantly, whereas the sun photometry values (Dubovik et al., 2002; Todd et al., 2007) coincide with the lower bound of our observations.
Summary and conclusions
As part of the SAMUM, the complex refractive index of desert dust was determined from airborne in situ measurements of particle size distributions in the diameter size range 4 ≤ D p ≤ 100 μm and of aerosol absorption coefficients at three different wavelengths in the blue (467 nm), green (530 nm) and red (660 nm) spectral regions. A new data analysis scheme was developed, which combines aerosol absorption data measured by means of a PSAP and size distribution data measured by CPC and optical particle counters. The vertical structure of the investigated dust layers was analysed by an airborne HSRL, which measures aerosol extinction directly. The origin of the investigated dust layers was estimated from trajectory analyses combined with MSG scenes and wind field data analyses.
The real part n of the dust refractive index is found almost constant with values between 1.55 and 1.56, independent of the wavelength. In contrast, the imaginary part k of the refractive index shows strong variations between different dust episodes and also across the investigated spectral region. Our analyses yield a significant variability of dust optical properties for different dust source regions. The refractive index data, however, are confirmed by data calculated from the chemical analysis of simultaneously collected dust samples. A comparison with refractive index data reported in the literature demonstrates that values derived from sun photometry tend to underestimate the imaginary part of the refractive index, whereas values from laboratory studies tend to overestimate the value. For future measurements of the chemical composition and of related optical properties, particular attention has to be paid to other light-absorbing aerosol components besides haematite, for example, the presence of soot or other iron-containing compounds.
Because of the influence of dust origin on the refractive index, we hesitate to state an average dust refractive index for dust from the northwestern Sahara. Moreover, the presented data analysis demonstrates the necessity for considering dust sources carefully, if dust radiative properties are used in radiative transfer calculations. Radiative transfer issues, however, are beyond the scope of this study. They are treated in detail in separate SA-MUM publications Otto et al., 2008) .
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